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Abstract 
In this work, dye-sensitized solar cells (DSCs) fabricated with transparent conductive titanium-doped indium oxide 
(ITiO) films and gel type electrolyte. The ITiO films were prepared by a radio frequency (rf) magnetron sputtering. 
The gel electrolytes based on polyurethane as a polymer matrix was prepared by the UV curing of a liquid electrolyte 
containing an aliphatic urethane acrylate. By controlling the concentration of the polymer matrix, the ionic 
conductivities of the gel electrolytes were examined. The electrical and optical properties of the transparent 
conductive ITiO film and the photovoltaic performance of the prepared DSCs were investigated. The ITiO and gel 
type electrolytes layers used for DSCs exhibited an energy conversion efficiency of about 4.24 % (Voc: 0.72V, Jsc: 
9.72 mA/cm2, ff: 0.61) at light intensity of 100 mW/cm2. 
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1. Introduction 
Dye-sensitized solar cells (DSCs) developed by Prof. M. Gratzel in 1991[1, 2] has been characterized 
by its electrochemical cell structure through the use of iodine solution, and not silicon semiconductors. 
Due to its low cost and high performance, it has gathered attention and hope worldwide as the next 
generation in solar cells [3]. On the other hand, the long-term stability problem such as leakage and 
volatilization due to the liquid electrolyte in the DSCs remain serious obstacles to their practical 
application. These problems associated with the use of liquid electrolytes in DSCs can be enhanced by the 
use of gel type electrolytes, which are generally prepared by the gelation of a liquid electrolyte with the 
addition of a suitable polymer matrix [4]. Various kinds of gel electrolytes have been reported with 
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polymers such as polyacrylonitrile, polyacrylamide, polyethylene oxide, and so forth [5]. All of these gel 
electrolytes are based on a thermally curable polymer matrix. Generally, the gel electrolytes are prepared 
by injecting liquid electrolytes, which contain polymer precursors and gelators, into the DSCs, followed 
by heating the cells. In addition, the TiO2 nanoparticles layer in DSCs is fabricated on a transparent 
conductive oxide (TCO) layer such as F-doped SnO2 layered glass (FTO glass). The FTO film can be 
mainly prepared by the chemical vapor deposition (CVD) method. However, the CVD process is costly 
and somewhat complicate for the gel type DSCs application [6]. And therefore, titanium-doped indium 
oxide (ITiO) was prepared in our previous study [7] as an alternative to the conventional FTO glass, 
because of their simple fabrication process, high electron mobility and good near-IR transmittance. 
In this work, we seek to suggest a simple fabrication process for DSCs based ITiO film and gel type 
electrolytes in order to realize to long-term stability. In the present work, we describe the preparation of a 
urethane-based UV curable gel electrolyte and its deposition on an ITiO film via the rf magnetron 
sputtering process. The energy conversion efficiency and electrochemical impedance measurements have 
been conducted in order to evaluate the photovoltaic performance of prepared DSCs. 
 
2.  Experimental 
2.1.  Preparation of transparent conductive ITiO film 
The rf magnetron sputtering system has been described in detail our previous reports [8], and Table 1 
shows the deposition conditions of the ITiO films. The RF power (Prf) of 350 W was supplied to a Ti-
doped indium oxide target (90 wt.% In2O3 and 10 wt.% TiO2) having a sheet resistivity of 8 /sq. The 
target diameter was 100 mm, and the distance between the target and substrate was 150 mm. Cooling 
water is circulated through the target and chamber (Diameter: 300 mm) to prevent overheating during 
deposition. The applied gas of Ar(97%) and O2(3%) is introduced to the chamber, and then total pressure 
was maintained at 4 mTorr during deposition. The growth rate of ITiO films at this deposition conditions 
is about 10nm/min. 
 
Table 1. Deposition Conditions of ITiO Film. 
 
 
rf power 350 W 
Working pressure 4 mTorr 
Partial pressure Ar-O2 (3%) 
Target-substrate distance (ds) 150 mm 
Deposition time 40 min 
Annealing temperature 350 oC 
 
2.2. DSCs Fabrication and evaluation 
The cell is composed of an ITiO glass/a TiO2 porous layer stained with dye molecules/a gel 
electrolyte/a Pt sputtered TCO glass as shown in Fig. 1. TiO2 paste (Ti-nano oxide D, Solaronix) was 
deposited on conducting glass with an ITiO layer by the screen-printing method. The resulting TiO2 layer 
was calcined at 550oC for 30 min in a furnace. The thickness and area of the prepared porous TiO2 layer 
were approximately 10 m and 25 mm2 (5mm 5mm), respectively. Dye adsorption was performed by 
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dipping the TiO2 electrode in a 4 10-4 M ethanol solution of N719 (Solaronix) for 24 h. The resulting
TiO2 electrode was then washed with ethanol, dried, and used to fabricate the DSCs. Two electrolytes,
one reference liquid electrolyte and gel electrolytes were used. The compositions of the electrolytes are
given in Table 2. The polymer precursor used in the preparation of the gel electrolytes was an aliphatic 
urethane acrylate, which were polymerized by UV curing in the presence of 5 wt% of the photo initiator,
IRG 184. The liquid electrolyte was composed of 0.60 M 1-butyl-3-methylimidazolium iodide, 0.1 M
lithium iodide, 0.05 M iodine and 0.5 M 4-tert-butylpyridine in 3-methoxypropionitrile. For the
fabrication of a TiO2 electrode containing the gel electrolyte, the gel precursor was screen printed on the
N719-coated TiO2 film, which was then cured by subjecting it to 1 kW of UV irradiation for 2 sec. The
two electrodes were separated by using 60 m Surlyn and then sealed by heating. The internal space was
filled with the gel electrolyte through a drilled hole, which was then sealed with Surlyn and a cover-glass.
A DSCs sample using only the liquid electrolyte was prepared as a reference to compare its photovoltaic 
properties with those of the DSCs using the gel electrolytes. Finally, the impedance spectra were 
measured by an impedance analyzer (IM6, Zahner) for the frequency range of 0.1-100 kHz. The
photovoltaic properties of the prepared DSCs were measured using a solar simulator (AM 1.5, 100
mW/cm2, SAN-EI Electric XES-301S) as a light source. 
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Fig. 1. Cell structures of a gel type DSCs.
Table 2. Composition of the electrolytes used.
Electrolyte Liquid electrolyte(g) Polymer precursor(g)
Liquid 10 0
Gel 10 8.5
3. Results and Discussion
Fig. 2. shows an example of XPS result for the ITiO film prepared by rf magnetron sputtering. From 
the XPS spectra, Ti 2p(487.1 eV), In 3d(445.1 eV) and O 1s (530 eV) peaks are detected, respectively. 
O1s is bonded to the In and Ti and that ITiO is formed. The binding energy of In 3d can be attributed to
the In3+ bonding state from In2O3 [4]. The binding energy of Ti 2p corresponds to the Ti+ bonding state
from TiO2.RE
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Fig. 2.  XPS result of ITiO film prepared by rf sputtering. 
 
Fig. 3 shows the optical transmittance spectrum of ITiO films (400nm) prepared by rf magnetron 
sputtering. As shown in Fig. 3, the transparency increases from 80% at 450 nm to 85% at 700 nm which 
is sufficiently high for use as a TCO electrode for DSCs. The UV absorption edge is located at about 365 
nm. 
 
 
 
 
Fig. 3. Optical transmittance spectrum of ITiO film prepared by rf sputtering. 
 
 
The liquid and gel electrolytes were used for DSCs fabrication. The gel electrolyte was formed by the 
UV curing of the composites which consisted of the liquid electrolyte and the aliphatic urethane acrylate 
at weight ratio of 10:8.5 on the N719-coated TiO2 film. The photovoltaic parameters of the DSCs using 
the liquid and gel electrolytes were first studied at 25oC at a light intensity of 100mW/cm2. Figure 4 
shows their photocurrent density-voltage (I-V) curves, and the corresponding photovoltaic parameters are 
summarized in Table 3. The ionic conductivities of the electrolytes are also included in Table 3. 
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(a) Liquid type DSCs 
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(b) Gel type DSCs 
 
Fig. 4.  Photocurrent density-voltage (I-V) curves of liquid type (a) and gel type (b) DSCs. 
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Table 3. Photovoltaic parameters of the DSCs prepared with different electrolytes. 
 
Electrolyte 
Voc 
(V) 
Jsc 
(mA/cm2) 
ff 
 
(%) 
(a) Liquid 0.71 11.1 0.66 5.15 
(b) Gel   0.72 9.72 0.61 4.24 
 
The Jsc of the liquid-based cell was increased compared to that of the gel-based cell. To reveal this 
observation, the electrochemical impedance experiments for two type DSCs with liquid and gel 
electrolytes using EIA were performed. The result is shown in Fig. 5. The three semicircular shapes from 
the left of each plot are assigned to the impedances related to charge transport at the Pt/electrolyte 
interface (R1), to charge transport at the TiO2/dye/electrolyte interface (R2), and to the Nernstian diffusion 
within the electrolyte (R3), respectively [5]. The corresponding impedances are listed in Table 4. The 
charge transfer resistances at the TiO2/dye/electrolyte interface (R2) were not influenced significantly by 
the change in electrolyte for either cell. The impedance of the liquid-based cell was larger than that of the 
gel-based cell. Therefore, these impedance data is insufficient to explain why the Jsc values of the liquid-
based cell were larger than that of the gel-based cell.  
 
 
 
Fig. 5.  Electrochemical impedance spectra of DSCs with Liquid (a) type and gel type (b) electrolytes. 
 
Table 4. Resistances of the cells determined by electrochemical impedance spectroscopy. 
 
Electrolyte R1 ( ) R2 ( ) R3 ( ) 
(a) Liquid 0.71 11.1 0.66 
(b) Gel   0.72 9.72 0.61 
 
4. Summary 
The DSCs using transparent conductive ITiO layer and gel type electrolyte is fabricated for long-term 
stability application. The transparency of ITiO film increases from 80% at 450 nm to 85% at 700 nm 
which is sufficiently high for use as a TCO electrode for DSCs. The DSCs fabricated with gel electrolyte, 
consisting of the liquid electrolyte and aliphatic urethane acrylate at a ratio of 10:8.5, exhibited energy 
conversion 4.24% compared to 5.15% for the liquid-based cell. T  of the liquid-based 
cell exceeded that of the gel-based cell, promoted by the higher Jsc and ff, due to the decreased impedance 
in the liquid electrolyte of the cell. 
 
RE
T
AC
TE
D
 Youl-Moon Sung /  Energy Procedia  34 ( 2013 )  597 – 603 603
Acknowledgment 
This research was supported by Kyungsung University Research Grants in 2013. 
 
References 
[1]  B, Gr.atzel M. A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films, Nature, 
1991; 353: 737-740.  
[2] Sung YM, Kim HJ. Sputter deposition and surface treatment of TiO2 films for dye-sensitized solar cells using reactive 
RF plasma. Thin Solid Films, 2007; 515( 12): 4996-4999 
[3] Grätzel M. Photoelectrochemical cells, Nature, 2001;414 :338 344. 
[4] Gratzel M. Dye-sensitized solar cells, J Photochemistry and Photobiology C: Photochemistry Reviews, 2003; 4:145-153. 
[5]  Park MW, Park SH, Kwak DJ, Sung YM, Effects of substrate heating on the photovoltaic characteristics of dye-
sensitized solar cells during two-step Ti film deposition by RF magnetron sputtering, J  Nanosci  Nanotechnol  2012; 12: 3309-3312. 
[6] Choi WJ, Kwak DJ, Park CS, Sung YM, Characterization of transparent conductive ITO, ITiO, and FTO Films for 
application in photoelectrochemical cells, J  Nanosci  Nanotechnol  2012; 12: 3394-3397. 
[7] Heo JH, Jung KY, Kwak DJ, Lee DK, Sung YM, Fabrication of Titanium-Doped Indium Oxide Films for Dye-
Sensitized Solar Cell Application Using Reactive RF Magnetron Sputter Method, IEEE Trans Plasma Sci  2009;37:1586-1592. 
[8] Paeng SH, Park MW, Sung YM, Transparent conductive characteristics of Ti:ITO films deposited by RF magnetron 
sputtering at low substrate temperature, Surface & Coatings Technology 2010;205:S210 S215. 
RE
TR
AC
TE
